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INORGANIC PUOTYTH0PIC
MATE1RIALS FOR HIGH

DENSITY COMPUTER MJORIES

1. INQRCT'roN

The purpose of this research project was to determine the appli-
cability of the phototropic phenomenon and materials to memory devices
for the high density storage of computer data. Accordingly, this
project was divided into two phases; first, a general investigation
of various types of phototropic phenomena as applied to a memory
device, and secondly, to synthesize, evaluate and obtain techniques
for the use of these materials in a memory device.

Previous research studies (see ref. 1) have shown that inorganic
F center tenebrescent materials appeared to have most promise of
meeting the requirements for a bi-optic computer storage device.
As a result, the major portion of this effort was directed towards
the synthesis and evaluation of these materials. The parameters
for a bi-optic computer storage device are as follows:

a) The system must have two stable states (i.e., colored and
colorless).

b) The system must be capable of being switched, at will, from
one stable state to another, preferably by means of electro-
magnetic radiation of two different wavelengths.

c) The system should have well defined, narrow activation,
reading, and de-activating wavelength regions.

d) The system should be capable of being read at a wavelength
where the spectral absorption characteristics provide a
maximum difference and does not induce a change from one
state to the other.

e) The change in the absorption, transmission, or reflected
properties of the system should be such as to give a contrast
ratio of at least 3-1 (preferably higher).

f) The response speed of the activation or forward reaction,
as well as that of the erase or back reaction, should be
in the neighborhood of 0.1 to 1.0 microseconds or less.

Manuscript released by the author on 4 March 1963 for publication
as an ABD Technical Documntary Report.
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g) As a maximum, the system should be capable of 106 reversals
between the two states while not exhibiting any bieakdown
or fatigue. As a xinim-, the system should have no more
than 10 percent breakdown In a 300 hour period.

h) The energy required for inducing the required change from
one state to the other should be relatively small.

i) The system should be easily incorporated into a wide area
(e.g., sheet form) or on some type of inert media (e.g.,
plastic or glass).

j) In the wide area form, the system should be capable of storing
106 bits of Information per square inch.

2. SOLID STATE SYNTSIS

A major portion of the synthesis work was performed using the
general method of solid state high temperature reaction at atmospheric
pressure. Particular emphasis was placed on temperature, addition
of fluxes or glass forming material, and on the actual firing procedure.
This work is described below.

2.1 ADDITIONS OF BORIC 0XIDE AND SILICA

As reported in the initial report concerning hackanite type
materials (see ref. 1), the tenebrescent property was destroyed when
temperatures above 10000C were obtained. Sodium chloride could easily
be lost at these temperatures due to its volatility. To support this
view, it was shown that several samples that were not photosensitive
after long firing times, could be made tenebrescent by remixing the
material with additional sodium chloride followed by a firing treat-
ment in a reducing atmosphere. Accordingly, three experimental pro-
cedures presented themselves as possible means of obtaining glass-
like systems. Flux materials, such as boric oxide, sodium phosphate,
or others could be added to lower the melting point. A molten material
could be formed which would allow more complete reaction. This would
produce larger areas of transparent hackmanite or disburse the hackmanite
in a transparent glass matrix. Conceivably, a second method using
mechanical means could be devised by which the sodium chloride or
other volatile components could be contained while firing at the
high temperatures. Still a third possibility would be to form the
backmenite at lover temperatures using a hydrothermal or hot pressing
technique.
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The first possibility was extensively studied. One of the most
promising aterials used was boric oxide. In order to study the
effect of the boric oxide on the color center formation. a composition
of H-11-8-3 was prepared (see table 1) in such a way that the boric
oxide was nonuniformly disbursed throughout. Samples of this material
were fired as indicated in table 2.

TALE 1

MSIC HACKMANITE TYP COMPOSITIONS

CCWOSITION PRPARATION
DESIGNATION CHIEMICAL FORMJl P II

H-11 Na20Al203"2SO2 Air fired the proper amounts
of Na2C03, Linde A type
A1203 and Mallinckrodt
sllicic acid three times
in air at 900-1000C

H-11-8-3 3(Na20"Al203"2SiO2)l/2 Mixed together 19 gm H-11,
NaCl'ii6 Na2SO4 + B20 3  1.24 gm NaCl, o.67 gm

Na2S04 and 1.0 9z B203

2A 3(Na20"A120 3 "2SiO2)NaCi Air fired the proper amounts
1/2 Na2S04 of Na2CO3 , Linde A type

A1203, Mallinckrodt silicic
acid, NaCI and Na2904

2A+ 2.0 gm 2A + 0.2 gm silicic
acid. This was mixed
together but was not given
an additional firing treat-
ment.

The H-lI-S-3-4 resulted in a light gray material which had a
glassy coating on the outside surface but only certain areas on the
inside of the pellet were photosensitive. However, the physical
appearance of the inside surface was uniform and no B203 rich sections
could be observed. The only difference between H-11-S-3-4 and H-11-S-3-5
was that the latter showed less photosensitivity. Sample H-lI-S-3-2
was a porous low density material with melted pocks present which
were due to localized areas rich in BgO3 . Me entire material turned
pink on exposure to ultraviolet with the pocks turning darker than
the rest of the material. Sample. H-ll-S-3-3 was exactly the same
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TAM32

FIRING T OFGT

H-11-8-3-1 Fired in B2 1 1000C for 1 hr.

H-11-8-3-2 Fired in H2 6 ll12 C for 1 hr.

1-II-8-3-3 Fired in 126 127C for 2 ra.

H-II--3- Fired in 12 6 1226"C for 1 hr.

H-11-5-3-5 Fired in H2 6 1226C for 2 hrs.

as E-11-8-3-2 in physical appearance, differing in that only the
pocks turned dark on exposure to ultraviolet. This color was iden-
tical to the color of the pocks in H-11-8-3-2. The material fired
at the lowest temperature (1-11-S-3-1) was the most porous but also
had melted pocks present which turned darker than the unnelted part.
As a whole, this material developed more color than the other four
samples.

The results with this series of experiments almost conclusively
can be explained on the basis that the sodium chloride or other volatile
component is lost at the higher temperatures and that the boric oxide
flux action retarded this loss. To definitely prove this beyond
any doubt, it would merely be necessary to refire so of the less
active materials in an excess of sodium chloride. Previous experiments
have indicated that such treatment regenerated photosensitive materials.
The next consideration was to determine the optimum amounts of these
compositional materials.

On firing a sample of H-11 in hydrogen at 1100C for j hour,
the resultant substance did not show photosensitivity, indicating
that B-11 alone was not sufficient for the tenebrescent response.
By adding sodium chloride to B-11 and following this by firing in
a reduced atmosphere, it was found that some color was developed
upon exposure to ultraviolet. Even though the coloration was slight,
it can be stated that sodium sulfate (Na 2 904) or sodium sulfide (Na2 8)
Is not required to induce the photo response. Since previous experi-
ments usually contained sulfate or sulfide, sodium sulfite was added
to the H-li + NaCl material followed by firing at 1100 C in a reducing
atmosphere. On exposure to ultraviolet, this material became colored.



Several experiments were then run in which boric oxide as added
to form compositions similar to the B-11-8-3 discussed above. The
aim here was to determine the optimm amounts of NClj, Na2SD0 and
3203 required to produce a satisfactory tenebrescent material with
transparent qualities.

The first series of experiments consisted of adding B203 to
a 2A composition along with additional amounts of NaCi. Sme of
the compositions are given in table 3. The results obtained indicate
that as the amount of B203 is increased, the material becomes more
glassy. Also, as the temperature is increased as was the case for
those compositions to which boric acid was added in place of boric
oxide, the glassy phase was formsd for lesser amounts of the boric
oxide. Os is understandable because the melting eutectic is lowered
for those compositions which contain any amount of boric oxide.

Whether the melting or the presence of boric oxide is the cause
of the loss of tenebrescence cannot be stated for certain. Previous
work by Kirk and Medved (see ref. 3 and 4) indicates that the melting
process changes the basic sodalite composition. Accordingly, this
would indicate that this melting process would make the mechanism
inoperative. Still another explanation was that the 3203 could very
easily react with the structure in such a way as to modify the system
and thus ruin the tenebrescent property. Since =all amounts of
B203 did not appear to be detrimental, there probably was an optum
ratio of B203 to the 2A composition which will allow glass formation
or increased reaction between the sodalite type crystals without
the destruction of the tenebrescent quality. It Is anticipated that
extensive work will be carried out in this area but x-ray diffraction
patterns would be required to ascertain the exact structural effect
of B203, firing conditions and other fluxing reagents.I

In nearly every case, except those for which the amounts of
B303 was about 0.05 grams the substance resulting after firing had
a yellow-green or green color and upon exposure to ultraviolet fluoresced.
This was interpreted as caused by a reaction between B23 and N28
as described by eyl (see ref. 2). Since It was previously shown
(see ref. 1) that sulfide was not of critical Importance to the forma-
tion of F centers in hackmnIte., the amount of sulfide in this com-
position was reduced.

To accomplish this, varying amounts of Na2804 were added to
H-11 while the amount of B203 was kept constant. The results of
several of these experiments ame shown In table 4.

Results obtained indicate that an optima amount of N6280 need
not cause a green coloration but yet would still give a translucent
material possessing a high degree of tenebrescence. This optiujm
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hm SBOaNm M3 umFM or
VAR1IM 113 AIWJM OF 5M311AU WINH
A CONBW M-21MU~hTI0N 01 3203

R-11-8-1 * 1.8 p H-11 Center part was orange-green,
0.125 p NaCi outer part was cream to white.
0.1 OR 203 Inner part fluoresced but did
0.151 gm. N2280 not color on exposure to ultra-

violet. The careas part turned
color but did not fluoresce.

E-11-3-2 1.8 p H-11 The whole pellet vas orange and
0.125 g NaC1 fluoresced on exposure to ultra-
0.1 p B203 violet. No color centers were
0.302 p N&280 4  generated.

H-II-8-3 1.8 p H-Il Excellent glassy translucent
0.125 p Cl material with strong clear
0.1 p 3203 generation on exposure to
0.067 p N2SD0 ultraviolet.

H-II-S-- 1.8 o H-I1 A-'lar to H-11-B-3 except
0.125 p NaCl color generation was somewhat
0.1 p B03 less.
0.01 pm N62801

All were fired In hydrogen at 100*C for i hour.

situation seemed to be the case with experiment H-lf-S-3. A note of
caution should be introduced concerning the temperature reported for
the above experiments. As is well known, the temperature control in
any high-temperature study is critical and usually the better the con-
trolv the greater is the validity of the data. In the above work,
a platinum-platinm rhodium therfocouple was placed on the inside of
the furnace chamber and not on the Inside of the tube near the samples
being fired. Later in the program, a pyrometer was obtained and the
temperatures read on the sample were generally two to three-hundred
degrees centigrade higher than those indicated by the temperature on
the dial supplied with the furnace. It was also found that the pyrometer
readings could fluctuate 20-50 degrees without any variation in the
temperature as read from the furnace indicator. As will be seen later,
this temperature control was important In explaining still another
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phenomenon. In the future, it will be necessary to compare the pyrom-
eter readings with those from a thermocouple placed near the sample.
Since 3203 had imparted a glassy translucent character to the ackmanite
materials, it was then of interest to add excess silica to these B203
compositions. Several of these experiments are listed in table 5.

TABLE 5

COMPOSITION TO WHICH SILICIC
ACID WAS ADDED TO H-11-S-3

EXPERIENT
DESIGNATION CCOPOSITION * RESUIS

H-11-SI-I 2.09 gm H-11-S-3 The outside surface had melted
0.05 gm Silicic acid pocks present. Inside of the

material was not melted but
turned dark on exposure to
ultraviolet.

H-11-SI-2 2.09 gm H-II-S-3 About the same as H-I-SI-I
0.1 gm Silicic acid

H-11-SI-3 2.09 gm H-11-S-3 Material had a white bubble
0.2 gm Silicic acid melted appearance and turned

dark on exposure to ultra-
violet.

H-II-sI-4 2.09 g H-11-S-3 Material melted to a greater
0.3 gm Silicic acid extent than the H-11-SI-3.

Very little F color was
obtained.

All were fired in hydrogen at 110C for hour.

The results of these experiments tend to indicate that the firing
temperature was not the same as that used to fire the H-11-S-3 com-
position. However, the largest amount of silicic acid added did
cause the material to melt more extensively. The silicic acid also
seemed to give a milkier appearance rather than the translucent quali-
ties obtained in the H-II-S-3 composition. This indicated that addi-
tional silicic acid does not react well with the other components
at this low temperature (1100C) and relatively short firing period.
To check out the melting characteristics, therefore, samples of H-11,
2A and 2A (see table 1) were fired at various temperatures. The
results indicated that the 2A+ composition melted at a lower temperature
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than 2A or 3-11 systems even at 12500C. During the melting proess.,
the 2+ composition frothed extensively, which may indicate that
further decomposition was taking place. It could# therefore, be
concluded that the cloudy appearance of the H-11-SI series was due
to the incomplete deccaposition of the additional silicic acid.
In future efforts, these compositions will be investigated with
air firing before firing in the reducing atmosphere.

Still another synthesis procedure that gave fairly good results
was in tightly packing the basic 2A composition nto a Vyc or tube
and firing this in hydrogen at about 11000C for t hour. Since Vycor
contains B203 in its compositionO this method gave a glassy type
aterial for that portion of the material in contact with the Vycor

tube. The method was not easily controlled and was abandoned as
not being practical.

The next procedure tried was to coat an alumina boat with boric
acid, place the sample In it and fire in the furnace at 1000C.
A sample of 2A was pressed into a pellet and placed on top of the
B203 layer. This was fired in a hydrogen atmosphere for hour at

000*C. A resulting material with excellent tenebrescent properties
was obtained in that part of the pellet which was between the outside
surface in contact with the B203 and the center of the pellet to
which the B203 had not diffused. The part of the pellet in contact
with the B203 turned to a black glass. It was felt that the boat
in a reducing atmosphere reacted with the B203 and the Na2904 and
a new firing fixture was therefore required.

Graphite tubes closed at either end with tightly fitting graphite
plugs were then used as the firing fixtures. This proved to be quite
satisfactory in that there was no reaction between the graphite and
the composition materials. This procedure also allowed for the material
to be cooled to room temperature in a reducing atmosphere. Ths
was later found to be of critical importance as the tenebrescent
property was found to be destroyed if the ackmanite materials were
placed in an oxidizing atmosphere while at temperatures above 400C.
This method of firing the materials was used almost exclusively for
the reminder of the studies.

Approximately 2.0 gm of 2A+ was tightly packed into a graphite
tube and fired at 1150C for J hour in hydrogen. The resulting material
formed a melted opaque glass that became quite colored upon exposure
to ultraviolet light. This material was then remixed in a mortar
and pestle, additional amounts of NaCi added and again fired. After
a total of three firings, a homogeneous opaque glass was formed that
became darkly colored upon exposure to ultraviolet light. On exposure
to white light , the bleaching reaction was found not to go to completion.
It would completely reverse when the material wea heated to temperatures

10



above 300C. This method, therefore, allowed for the melting of
the hackmanite material without the resulting loss of tenebrescent
properties. It was previously reported that the material could not
be fired above temperatures of 1050eC. Using this technique, tempera-
tures of 1200C vere used without the loss of any tenebrescent charac-
teristics. The effect of long time firing at these temperatures was
not evaluated.

Since a temperature of 1200C had been reached, it as of interest
to fire the 2A+ at higher temperatures. Accordingly, a sample was
placed in a graphite tube and fired in hydrogen at 1250eC. The material
had completely melted and had a tan-colored glassy material disbursed
throughout a clear glass matrix. This experiment indicated that
1200C was the highest possible firing temperature.

A sample of 2A material, which had previously been fired at
1000 C in hydrogen, as mixed with an additional amount of NaC1 and

then fired at a temperature of 1300* to 13500C for t hour. The material
completely melted and resulted in a smooth-surfaced pellet with a
body material heavily populated with gas bubbles and possessing a
light red color. On exposure to ultraviolet light, the material
became quite dark and on exposure to a tungsten lamp, the color was
nearly completely bleached.

In conclusion, it can be stated that materials with tenebrescent
properties can and were prepared at temperatures as high as 1350*C.
In some compositions, temperatures above 1250C could not be used.
This possibly indicates that at higher temperatures, the presence
of excess silica (sample 2A+ my be detrimental.

Two objectives were yet to be accomplished. One, to increase
the speed of the fading reaction, and two, to obtain a transparent
material. A screening type experiment was then undertaken to study
the effects of different materials on both the tenebrescent and trans-
parent characteristics of the synthetic systems.

2.2 SCREENING EXPERIMNTS

A series of experiments were run with the object of determining
the effect of adding different materials to the 2A+ composition.
This served primarily as a screening type experiment, in which the
results observed were primaril 1) whether the added material destroyed
the tenebrescent properties, 2) whether the added material had no
effect on the tenebrescent properties, 3) whether it Improved the
obtainable color or the bleaching reaction, and 4) whether the trans-
parent characteristics were improved.

11



A general procedure was followed for all of these experiments
in which 2.0 gram of 2A vas mixed vith 0.125 gram of N&C1 and
a given amount of the material being studied. The mixture ws then
tightly packed into a graphite firing fixture and fired In a hydrogen
atmosphere at 1I00e to 1125*C for fifteen minutes. Results are shown
in table 6. From the data obtained, several interesting conclusions
were drawn from the experiments and some will be briefly comented
on here while the total results will be discussed under succeeding
parts of this report.

It appears as if the transition elements tended to turn the
material dark after firing in a reducing atmosphere. Cadmium was
the exception to this and it would be of interest to determine the
underlying reasons. In the case of mnganese (items 17 and 29),
it was shown that the darkening was eliminated when the amount was
reduced, but the tenebrescent characteristics were improved. It
appeared that in the case of all compounds which caused darkening,
concentration was an important factor. An interesting study would
be to determine whether a correlation exists between the effects
on tenebrescence and the number of unpaired electrons in the transi-
tion element. However, such a study should await the production
of a transparent mterial.

In many cases, a green fluorescent material was obtained and
it is enlightening to note that in most cases, boric oxide was not
present. This would not agree with earlier conclusions which attribu-
ted the green color to a reaction between B20 3 and Na2S. The green
material always fluoresced, thus indicating a connection between
this and the tenebrescent property. More will be said concerning
this in a latter part of this report.

Lithium fluoride, sodium silico fluoride and calcium fluoride
(items 6, 45 and 15) are interesting in that the addition of lithium
fluoride and sodium sillco fluoride induced a great amount of melting
but destroyed the tenebrescent properties. This seemed to point
to fluorine as the detrimental ion, but this was contradicted by
the fact that calcium fluoride as the additive, did not destroy the
tenebrescence. In the future, more work should be carried out with
these and other fluorides since they are extensively used as mineral-
izers (see ref. 3).

The results obtained with the addition of sodium sulfate were
interesting, in that they showed that excess sulfide did not have
a detrimental effect.

All of the above data cannot be used as conclusive results since
the experiments were designed primarily to give indications as to
the direction for further experimental efforts. Since the firing
time was only 15 minutes, for all practical purposes, the final material

12
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was a nonequillbrium state and could be used only s an indication
of the reaction path. Tblv led to an Interesting postulate that
the true hack-nte was a nonequilibrium material which had the struc-
tural defects required for tenebrescence and would lead to the con-
clusion that the conditions under which large areas can be prepared
might necessitate the use of pressure. Of course, the main argument
against such a postulate Is the fact that Xedved (see ref. 4) has
been able to fire the material at about 950C for as long as 24 hours.
However, this temperature was nearly 2000C less than the temperature
used to fire the compositions given in table 6. Also, he was never
able to obtain large sections of the synthesized material. Following
sections of this report deal with work connected with the results
obtained in table 6.

2.3 ADITION OF SODI S=AT (1h28oi)

Since it was shown in experiments 81762-7, -8 and -9 that excess
N2S904 could be added to the basic 20+ without camplete deterioration
of tenebrescence and since Na2B04 had a low melting point (i.e.,
88'eC), It was conceivable that It could be used as a fluxing agent
for the formation of large transparent areas of hackmanite type materials.
Accordingly, each of the materials was crushed and ground in a mortar
and pestle and each mixed with 0.15 gm of latl. The materials were
tightly packed into a graphite tube and then fired for 15 minutes
at 1150*C. The results obtained are shown in table 7.

TAMl G1Y13 THE RESULTS OFj
aIN N 2804 RICH COMPOSITIONS

EXPRIMST NAM IAL

9562-1 81762-7 plus A white opaque glassy type material with I
0.1 gm Na2S0 4  a uniform composition was obtained. On

exposure to ultraviolet the material turned

very dark. The bleaching reaction was
not coolete.

9562-2 81762-8 plus Similar to 81762-7 except the material vs
0.2 gm Na2 S D4  swhat translucent.

9562-3 81762-9 plus Similar to 81762-8 except the material was
0.3 ga Nsa280 quite translucent. The color change on

exposure to ultraviolet was excellent.
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As a result of this data, two very Important considerations
should be discussed at this point. First, this data shoes that as
the amount of N&2804 vas increased, the translucent properties became
more pronounced Indicating that N&2804 was beneficial. Unfortunately,
compositions with larger amounts of Na2 O were not prepared, so
that it is Impossible to predict the limiting obtainable results.
This experiment should definitely be considered for future york.
Still another concept would be to refire the materials an additional
number of times with the object of improving the extent of reaction.
Also, In all probability, a material with a higher density could
be prepared, if these materials were reacted under pressure.

Me second observation of importance was that the materials
no longer bad the green color normally produced after the subsequent
heat treatment. The data Indicates that on incomplete reaction,
a green material Is formed. Accordingly, several experiments were
carried out to determine the parameters involved In this problem.

2. a ICO ZME ATON COISIMTIQNS (TEM oMN u4MAL)

In order to substantiate the postulate that incomplete reaction
of reactants caused the production of a green fluorescent material,
the following experiment was undertaken. A sample of 2A+ was mixed
with excess NaCl tightly packed into a graphite tube and fired for
1 hour at 1125-11 C in a hydrogen furnace. The resulting substance
was a white porcelain type glass that bad no green color whatsoever.
On exposure to ultraviolet, the material turned dark, but was not
exceptional in this respect. A similar composition was prepared,
but the firing period was reduced to 10 minutes, after which time
a porcelain material was again obtained. However, the inside of
this material was green and fluoresced to a great extent. Accordingly,
It was concluded that the green substance is a result of insufficient
reaction. To further substantiate this, the green material was remixed
with additional NaCi and fired as previously, but for a J hour period.
The resultant opaque glass had no green color and on exposure to
ultraviolet, colored to a very dark purple. It is felt that this
green coloration is probably due to some nonequilibrium state, either
chemical, such as reduction, or transitional, such as a phase equilibrium.

If it can be assumed that there is a relationship between the
fluorescent and the tenebrescent properties, then it would appear
that fluorescence is due to the nontrapping of the excited electrons
by a level higher than the initial ground state of the green material.
If a band energy level diagram is drawn for the green material, it
should appear as shown in figure 1. That is, the electrons have
no allowable higher energy level in which they can be absorbed. The
fluorescence radiation should correspond to the energy gap indicated
and this can be determined by a study of the fluorescence spectrum.
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Figure 1. Energy Level Diagram for Fluorescence.

If a higher energy level Is introduced into the material (i.e. ,
by further reaction), it my be expected to have a white color due
to the coMplementary absorption of color bands (see figure 2).
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I
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Figure 2. Energy Iavel Diagau for White Tenebrescent Ibterial.
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This added absorption band may then allow the excited electrons
to be trapped as shown in figure 3 which would deplete the 420 mu
absorption band and increase the electron population of the 550 MA
absorption level. This would have the effect of upsetting the color
complementation in favor of a purple color. To explain the absence
of visible radiation, it would merely be necessary to state that
the radiation is outside of the visible range and, therefore, cannot
be observed with the eye.

CONDUCTION SANS - - i-I I

344- - ---
MAK UN *A

NOUND STAT 
PuA.E NATEIAL--

Figure 3. Energy Level Diagram Showing the Coloration Reaction.

Bleaching could then be explained on the basis that the electrons
in the 550 = band absorb energy (radiation), allowing the electrons
to enter the conduction band and then fall to the 420 = level. This
picture may be used to explain why bleaching is sometimes difficult,
if not impossible, since on bleaching, the electrons would have to
be excited across the energy gap to the conduction level. If the
bleaching energy Is insufficient to allow this transition, the material
won't be bleached. On the other hand, the usual sensitivity of the
forward reaction can be explained by the fact that the ultraviolet
is of sufficient energy to excite the electrons to the conduction
level.

The above discussion may not be necessarily valid, but it indicates
a possible avenue of investigation which may be fruitful in regards
to understanding the basic mechanism involved and thus allowing the
proper selection of doping agents.
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2.5 AMITIONS OF SODIK BOATE (092407 '104 2 0)

The object of this series of experiments (see item #81762-39
of table 6) was to determine whether the fluxing action of Na2B0 "10H120
could be used to lover the melting temperature of the materialand
to obtain a glass that would allow the active phase to be dissolved
in the glass without destroying the tenebrescent properties. Still
another role possible for this material would be to act as a mineral-
izer which would allow the hackmanite crystals to grow to a larger
size.

The procedure was to add varying amounts of Na2 B4 07 '"10 0 to
the basic haclanite starting comositions. These compositions were
fired in a reducing atmosphere at about 1150C for J hour. After
each firing cycle. the resulting material was ground in a mortar
and pestle with excess NCl and then refired.

It appeared that the reason for the green coloration, as reported
above, was not due to the N&2SOl'B203 reaction, but rather to incomlete
reaction. This pointed to a relation between the fluorescence and
color center formation which will be investigated In the future.

After the first firing period, a green glassy material was obtained
which showed strong fluorescence, but that did not change color.
After the additional firing cycle, however, the green color disappeared
and a white translucent material was obtained which darkened exten-
sively on exposure to ultraviolet light. After polishing a section
of the resulting material, It appeared as if the active particles
were disbursed throughout a glass medium. 7he ratio of active par-
ticles to the glass matrix was quite large. With a high powered
microscope and by the proper polishing of thin sections. it should
be possible to determine exactly what type of structure was present.

Even so, these experiaents showed that opacity could be reduced
by the addition of Na2B0 7 " 101O. Accordingly, several more experi-
ments were carried out which showed the synthesis to be critical to:

1. e amount of h o7"47o10120.

2. 7Te particular brand of Na2940 10120.

3. Te firing treatment.

It should be pointed out that the addition of sodim borate
not only Introduces boric oxide but also increases the ratio of 12 0
to A1 2 03 . Ohe A1203 is believed to cause the opaque characteristics
of the material so that as this component is reduced, the resulting
melt should bece moe transparent.

23



2.6 AMTION OF EXCIS BOOzM MuMo (1.o) AnD SODIL' CABRToAE3
(W.2003)

The object of these experiments vas to determine the effect
of increasing the NagO content through the addition of excess N12003
and 1sO.

These materials did not show an increase in transparency or
in the color developed am compared to those materials without excess
N62003. he results obtained may be caused by the carbonate not
being decomiosed during the air firing prior to the reducing atmos-
phere firing.

Essentially the same procedure as followed for the additions
of NaOE. Additions of NaOH definitely caused the material to take
on an inherent tan color and, on exposure to ultraviolet. the N&O
rich material developed less color than that without the NOH.

2.7 AJDITION OF TuISODIII4 POSMA (N&3P4'12Hgo)

It as found that the addition of Na3 P04*l2HgO to the basic
material resulted In a white opaque glass which, on exposure to ultra-
violet light, turned very dark. The color, upon exposure to white
light, faded much faster in this system than in the material without
Na3P04 *12H20. On further experimentation, It was shown that the
back reaction was indeed aided by the addition of Na3 PO4 "12H2 0.
However, a dark back reaction was also present which as effectively
stopped by storing In very low temperatures.

A possible interpretation of these results would be that the
phosphorous added tends to supply the material with the necessary
impurity band required for a more sensitive bleaching reaction.

3. PEWlRATION IN A LTEN DIA

As has been pointed out in the early part of this report, the
loss of NaCI appears to be quite serious to the formation of F centers
and a method of preparation preventing this loss would be desirable.
To insure a rich NaCl reaction medium, several experiments were carried
out with the objective of studying the possibility of using molten
sodium chloride as the reaction medium for the preparation of tene-
brescent hackmanite type compositions.

A mixture containing 2.0 grams of H-11., 0.15 grams of NaCi and
0.113 grams of Na2s'920, which was identical to 2A, was prepared
by grinding these components in a mortar and pestle. Using a hand
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press, a pellet of this vas formed and dropped into a crucible con-
taiing molten NaCi at 9W*C. After fifteen uinutes at this tempera-
ture, the crucible was placed into a furnace met at 500C and allowed
to cool for one-half hour. After this time, it was removed from
the furnace and allowed to cool to room temperature.

Although the pellet was fired to a high density, on exposure
to ultraviolet, tenebrescence was exhibited only on the Inside center
which turned dark. The outside part neither darkened nor fluoresced.
In order to determine whether hydrogen firing would Improve the tene-
brescent properties, this pellet was fired at 1000C in hydrogen for
one-half hour. On exposure to ultraviolet, the obtainable color was
slightly greater, but the entire pellet vas colored.

A hydrogen fired pellet of 2A material showing tenebrescent prop-
erties, was then treated in a similar way. On exposure to ultraviolet
light, this material possessed the sam tenebrescent properties as
before the molten salt treatment. A similar pellet was th3n allowed
to fire In molten NCl for one hour. As a result, the sodium chloride
completely evaporated axA the material shoved no tenebrescent properties.
Higher temperatures could not be used, as the maximum obtainable tem-
perature of the furnace was 1000"C.

These experiments indicated that a tenebrescent material can
be produced by firing the components in molten sodium chloride.
Since It is difficult to prevent complete evaporation of the NaCl
at temperatures above 100 C, It will be necessary to design a beating
system which will minimize this evaporation loss. Such a technique
would allow the material to be melted in a sodium chloride medium
and my prove to be quite interesting.

Other molten media such as bearium chloride, sodium sulfite, and
sodium sulfite plus haCl were similarly Investigated as molten media.
Barium chloride gave results very similar to those of sodium chloride.
However, with sodium sulfite, the material could be reduced since
the sulfite reacts to form sodium sulfate and sodium sulfide on heating.
When 2A was fired in molten sodium sulfites a substance, which uniformly
colored on exposure to ultraviolet, was obtained. This material should
be investigated at higher temperatures and at temperatures nearer
to the melting point of 2A.

4. MPARATION CF WIUHMSM 00M VA1RAL

Several glasses were prepared with the object of Inducing tene-
brescent properties.

Oe first glasses investigated were the low melting borates.
Since It was shown that a hallide ws a requisite for the tenabrescence
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phenomenon In hacmanites several compositions of boric oxidep silla,
and halides were investigated. In none of these vws It possible
to obtain color upon Irradiation with ultraviolet light.

The next series of glasses tried were those prepared by a very
high temperature firing of the basic hacknite components. oese
did show tenebrescent properties. The tenebrescent chaateristics
could be modified by changing the basic composition. A detailed study
of these glasses has not been completed and therefore results can
be given with little explanation of the photosensitive echanim.
The following experimental procedure was utilised.

A two-gram sample of the H-1 material was tightly packed into
a graphite tube and then slowly placed Into a tube furnace modified
to provide a nitrogen atmosphere. M graphite tube was allowed to
fire at 26oo-28P0 for four hours after which, it was removed and
allowed to cool to rom temperature vile still in the graphite tube.
On irradiation with ultreAviolez light from a high pressure mercury
arc for approxiately one minute, the aterial turned yellow. This
yellow glass could be stored for several weeks without fading. Bow-
ever, upon exposure to radiation of wavelengths longer than 350 w1,
the yellow color completely faded. The color could agin be generated
by exposure to the mercury arc.

Variations of the above composition were uade and In some cases,
the color characteristics obtained upon exposure to ultraviolet light
were different.

Composition 2A was fired using the above procedure. On exposure
to the mercury arcm, this mterial turned a reddish-brown color which
could not be ude to bleach when exposed to longer wavelength radiation.
However, on heating the colored mterials to temperatures above 300 C,
the glass was readily bleached.

Composition 2A+ was also melted into a glass, which on exposure
to the mercury are or sunlight, turned yellow. On exposure to wave-
lengths longer than 500 sA, this glass was partially bleached.

A sample of naturql haclimnite was ground in a mortar and pestle
and fired as described for other glasses. This formed a transparent
glass that turned yellow on exposure to the mercury arc. On exposure
to white light., only partial bleaching could be affected. Beating
the aterial to teperatures above 3000C did completely bleach the
color.

5. 1PBPATION OF RANSAMENT COTIEW OF SYMflTIC ACIN1E

In an attempt to prepare tran srent coatings of synthetic hack-
uenite, several attempts at mtchLng refractive index of the plastic
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matrix with the hac'anite material were made. After grinding the
above described synthetic opaque glass hackmanite material in a mortar
and pestle, it was placed Into a ball mill and isopropyl alcohol
was added to make a slurry of water consistency. This mixture was
alloyed to mill for at least 48 hours, after which time the slurry
was poured into a cylinder such that microscope slides could easily
be dipped into the slurry. Accordingly, several coatings were made
on glass slides, each coating being allowed to dry before the auc-
cessive coating was added. After the final coating was dried, the
milled hack-n1te was removed from one side of the slide. The slide
containing the hackmanite was then coated with plastic by pouring
a 60% acryloid solution (refractive index of 1. 9357 measured with
the sodium 539 sa line at 26C) over the hacknante. As soon as
the acrylold wetted the hacklmante particles, they became transparent.
A second slide was then placed over the acrylold to prevent evaporation
of the toluene which was used as the solvent for the acrylold resin.
When this sandwiched coating was exposed to ultraviolet, it was colored
to the usual hacanite shade. On exposure to white light, the color
completely bleached.

If the solvent was allowed to evaporate, the hackmanite coating
again became opaque. Therefore, a resin with the refractive index
of the 60% acryloid solution is required to make a transparent coating
of this ball milled material.

6. Boxx FWmn AND cALiCue nu IT49BECOTON

Samples of barium and calcium fluoride were irradiated with
gem rays at an intensity of 2 x 105 roentgens for a period of one
hour. The calcium fluoride shoved essentially the sae peaks after
gain irradiation as it did after x-ray exposure. That is, a peak
was developed at appro imtely 4100 =a in both cases. This was the
only peak developed, but according to literature, three other peaks
should also have been developed. Before either x-ray treatment or
gain ray exposure, a peak at 50 ma was present. This peak did

not seen to increase nor decrease with this high energ irradiation.

The calcium fluoride crystal was then exposed to the 405 ua
spectral line of a mercury arc for a period of 2. hours. The inten-
sity of this source has not been determined. After this period of
exposure. the peak at 400 ma bad definitely been bleached. It Is
difficult to say with certainty, but It also appears as If the absorp&
tion band at 580 ma faded to a degree and a new band at approximately
0 ua began to develop. This Is in accordance with the results

reported by 61101 (on ref. 5).

After the exposure to 105 up radiation, the sample was then
exposed to the 580 m spectral line of the nercury arc for a period
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of 54 hours. e saple then showed an increase of absorption at
00 UL although this vas very slight. It is difficult to say whether

or not this peak at eWO uA decreased and that at 580 w increased.

In conclusion, it can be stated that calcium fluoride does show
the phenomenon described by Smkula, but with the sample investigated,
these absorption band changes vere too slight to be of value as a
computer mmor device. It would seem, however, that the magnitude
of these absorption bands could be Increased by the proper doping
of the crystals. With Increased sensitivity, this material could
possibly be useful as a bi-optic memory material.

On exposure to x-rays, the barium fluoride did not appear to
cause the development of absorption bands. However, on gaem ray
exposure, the barium fluoride sample developed bands at about 1000 u ,
700 w and 530 sp. As in the cape with calcium fluoride, the absorp-
tion bands were only slight. The effect of exposing the barium fluoride
to different wavelengths of radiation has not as yet been investigated.
In conclusion, it can be stated that x-ray exposure was not sufficient
to develop absorption bands in the BaF2 crystal, but gamma irradiation
did induce absorption bands.

7. CMK= APPLGATIONS

During this research effort, a sample of natural ackmenite
was subjected to approximately 00,000 cycles with little apparent
fatigue. After this number of reversals, the sample did begin to
deteriorate, but this could be attributed to a build up of tempera-
ture within the test device. Even so, after 500,000 cycles, the
material still shoved tenebrescent properties.

Some preliminary work was performed to determine the resolution
characteristics of the previously described ball milled hackmernte
coatings. The procedure used was to focus the light from a xenon
lamp onto the coating with a camera lens. The smallest spot obtain-
able was approximately 1/32 of an inch. However, the resolution
of the focused light was no better than 1/32 of an inch and, therefore,
It Is likely that if a smaller image were focused on the coating,
the resolved spot would be less than 1/32 of an inch. It is felt
thau resolution studies can be made much easier by outside organi-
zations interested in the computer application than by Polacoat.
Accordingly, some samples were sent to them for this purpose. No
results have as yet been obtained. In order to utilize tenebrescent
materials in an optical memory device, consideration was given to
several optical concepts and the problems involved. A survey of
the availability of the components required for the read. write and
erase functions of such a system has been undertaken. Consideration
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was given to fixed lamp sources such as xenon lamps, lasers, and to
flying spot scanners, moving mirrorsp servo systems, Kerr cells,
fiber optics, phosphors and their application to the problem. Several
manufacturers of flying spot scanners were contacted and It appears
that several could design such units. For reading and erasing it
would be necessary to use different phosphors for the cathode ray
tube coating. These are also available. One comaercial organization
has an optical computer device, the light source of which, they feel
could be modified for our purposes.

8. CONCWSZoNs

An opaque glass showing the hackanite tenebrescent properties
was prepared by firing the basic components at temperatures above
1150. The bleaching reaction was found to be improved by the addition
of Na3PO4"l2H2O and a glass-like material could be made quite trans-
lucent by the addition of sodium borate. It Is possible that these
translucent glasses can be made transparent by hot pressing techniques;
this should definitely be Investigated. The addition of many other
materials to the basic components was also investigated but little
improvement in the tenebrescent properties was noted for the majority
of additives. In many cases, the added material actually ruined the
tenebrescent properties.

A method of fusion in molten media was investigated with moderate
results but Indications are that a tenebrescent material can be pre-
pared by firing in molten salts.

A tenebrescent glass was prepared by the high temperature firing
of a basic cceosition such as Na2OA203"28O2. Some of the glasses
could be completely bleached using wavelengths longer than 350 up,
some could be bleached only partially and same could not be bleached
at all. All the colored glasses could be bleached completely when
heated above 300C. The obtainable color on exposure to ultraviolet
was found to very with composition in sme cases.

It appears that the base glass, Na2OA120 3 28102, can be modifiedwith regards to Its photosensitivity so that different colors and
also different degrees of tenebrescent character can be obtained.

Indications are that the material can be used for at least 4O0,000
cycles and that the proper light sources to be used In conjunction
with the memory material could be made available. Limited resolution
whiles wre performed which gave favorableo although inconclusive
datap as to the lover limit.

29



1. Investigation of Inoraanic Phototrovic Hterial. a. a Bi-Opt;Lc
Element ADmlicable In High Density 8toraM Couuter IbNeggies.
Technical Documntary Report No. AB-MI-62-305, April 1962.

2. Weyl, W. A.,, Coloured Glasses, Dawson'sa of Pall Hall, London,
1959.

3. Kirk, R., "Role of Slfur in the luminescence and Coloration
of Som Aluninosilicates," Journal of the &ectrohemical Society.
101, 9, p. 461-65, 1954.

4. Mesdved, D. B., "Backanite and Its Tenebrescent Properties,"
Amrican. K~neralo~dst 39, p. 615-29, 1954.

5. bmkula, A., "Color Centers in Calcium and Barium Fluoride.,"
Pkvsical Rev., Vol. 77, p. 4Wo, 1950.

30



Distribution List for ASD TDR-63-172

1 ASAPR(For CTS Review)
1 ASAPKIL 1 Cormanding Officer
3 ASAPT U. S. :rY 2tesearch and Development
1 ASNC Laboratory
I ASMD Data Equipment Branch
1 ASNE AMIN: Tr. David ".oratz
1 As SNO--/ML-s
1 ASNL Ft. I'onmouth, New Jersey
I ASNN
1 ASN 1 Frankford Arsenai
I AS'R .TT: Allen Roffman
1 ASNS Bldg. 202-2
1 ASNV Bridge & Tacony St.
I ASIX Philadelphia 37, Pa.
1 ASN
1 ASO
1 ASRC
1 ASRE Office of Naval Research
1 ASRMI ATTN: Information Systems Brarch
1 ASRN Code 437

SRO Wash 25, D. C.ASRS
I AST 1 Office of Chief, Naval Operations
1 ASZ ATTN: A. J. Neumann
1 MRO OP-07TI2
I ASRNE Wash 25, D. C.
25 ASRNEB-2

Naval Research Laboratory
Other Deapt of_ a gnan Acti-yitip ATTN: Dr. Paul Smith

Crystal Grcdng Section
GIL Air Washing-ton 25, D. C.

1 APSC (RDRS, l.aj Leone) Naval Ordnance Laboratory
Andrews AFB ATTN :r. H. R. Wieder
Wash 25, D. C. Corona, California

1 ES (ESRD)
L. 0. Hanscom Field
Bedford, Mss.

1 RAC (RCOR)
Griffiss AFB, Nw York

AFM (SRLT)
Wash 25, D. C.

1 A. U. Library
Mkxwefl AFB, Alabama

31



Distribution UIst 41or ASD-TDR-63-172 (Cont'd)

99L .h u. , nA Non-flhvpiaimnt U.rnn4,maisonn

30 ASTIA 10 Polacoat, Inc.
ARLington Hall Station 9750 Conklin Road
Arlington 12, Va. Blue Ash 42, Chio

100 orS Stock 1 Ford Instrument Co.
1200 S. Eads Street (Div. of Sperry Rand Corp)
Arlington, Va. 31-10 Thomson Avenue

I National Bureau of Standards Long Island City 1, N. Y.

Data Processing Systems Div. ATTNs Dr. Walter G. Zgan

Division 12.0 1 Librascope Inc.
Washington 25, D. C. (Div. of Electro-Optical Co.)
Director 808 Western Avenue

National Security Agency Glendale 1, Calif.
ATTN: CBEF-141, Miss Creswell 1 Bendix Corp.
Pt. Meade, Maryland Eclipse-Pioneer Division

Dept. 90fl
Central Intelligence Agency Teterboro, N. J.

ATTN: CCJE/SAN ATtNb Walter W. Lee

2430 E. Street, 
N.W.

Wash 25, D.C. 1 Space General
9200 E. Flair DriveNnn-flnvi~irnmm kgfl~5a± El Monte, California
ATT'N: Mr. Allyn B. Hazard

1 National Science Foundation
Engineering Sciences Program 1 Marquart Corporation
1951 Constitution Ave. Astro Division
Wash 25, D.C. 16555 Saticoy St.

Van Nuys, California
The Rand Corporation ATTN: Mr. Bernard CaseATTN: Librarian
1700 Main Street 1 Diversa Electronics Corp.
Santa Monica, California ATTNt Mr. John H. Drew

5114 W. Jefferson Blvd.
1 The Catholic University of America Dallas 11, Texas

ATTN: Dr. Charles F. Pulvari
Dept. of Electrical Engineering Conductron Corporation
Wash 17, D.C. ATTNs ,r. Gynn Taul

343 S. Main Street
1 Control Data Corporation A Arbor, Michigan

501 Park Avenue
Minneapolis, Minnesota 1 Geophysics Corp. of AMerica

Bedford, Mass.
Minneapolis-Honeywel Regulator Co. ATTN: Mr. R. M. Chapman
Research Center
500 Washington Avenue South
Hopkins, Minnesota

32



Distribution List tor ASD-TDR-63-172 (Cont'd)

I Laboratory for Electronics
Solid State Electronics Lab
ATTNs Dr. Harrison W. Fuller
Boston 15, Mass.

1 American Cyanamid Compar
Commercial Development Division
ATrNI L. Paul Saxer
Berdan Avenue
Wayne, New Jersey

Hughes Alftraft Company
Research Laboratories
ATTN: J. David Margerum
Malibu, California

33



0 1

, , ,, , .- 0.,-

4

, 0-4
all H U 0 -

1 ~ ~ 1.. allsi

M p.4 O 0

o 
P . 4- V

411.,, ,. ,, i m

+ .] ,+. . +. ,,

I " | + 'N

4+ +_"+ ' ,.,., ,.

.. +. .4


